A large number of cytoplasmic tRNAs are imported into the kinetoplast-mitochondrion of Leishmania by a receptor-mediated process. To identify the sequences recognized by import receptors, mitochondria were incubated with a combinatorial RNA library. Repeated cycles of amplification of the imported sequences (SELEX) resulted in rapid selection of several import aptamers containing sequence motifs present in the anticodon arm, the D arm, the V-T region, and acceptor stem of known tRNAs, confirming or suggesting the presence of import signals in these domains. As predicted, truncated derivatives of tRNA Ile (UAU) containing the D arm or the V-T region were imported in vitro. Four aptamers were studied in detail. All were imported in vitro as well as in transiently transfected cells, using the same pathway as tRNA, but their individual import efficiencies were different. Two types of aptamers were discernible: the A arm and D arm homologues (type I), which were efficiently transferred across the inner mitochondrial membrane, and the V-T homologues (type II), which were not. Remarkably, subnanomolar concentrations of type I RNAs stimulated the entry of type II RNAs into the matrix, whereas type II RNAs inhibited inner membrane transfer of type I RNAs. Moreover, tRNA Tyr (GUA) and tRNA Ile (UAU) interacted with one another as type I and type II, respectively. Such cooperative and antagonistic interactions may allow the use of a limited number of receptors to recognize a large number of tRNAs of variable affinity and enable the maintenance of a properly balanced tRNA pool for mitochondrial translation.
The import of nuclear-encoded, cytoplasmic tRNAs into mitochondria has been documented for a growing number of protist, plant, and other species which lack the full complement of tRNA genes in their mitochondrial genomes (reviewed in reference 21). The complexity of this process is underlined by the observation that the numbers and identities of imported species vary widely: from one in yeast (16) , to 11 in potato (15) , to at least 24 in kinetoplastid protozoa and apicomplexans, which lack all mitochondrial tRNA genes (8, 23) .
How mitochondria select only the required tRNA species from the cytoplasmic multitude is still a mystery. According to one school of thought, the structure of the tRNA as a whole is recognized (9) . Alternatively, specific sequence motifs or short structures present on individual tRNAs could serve as the basis for discrimination. In Tetrahymena cells, the anticodon of tRNA Gln apparently acts as an import determinant (20) . In yeast, both the anticodon domain and the acceptor stem of tRNA Lys appear to play a role in import (7) . In contrast, the D arm of Leishmania tRNA Ile (10) and tRNA Tyr (13) contain import signals, but replacement of this region of tRNA Ile by the D arm of tRNA Gln (CUG) (which, of itself, does not contain any signal [11, 18] ) produces a hybrid molecule which is still imported (10) ; whether tRNA Ile contains more than one import signal is unresolved at present. Studies with mutant forms of the D arm of tRNA Tyr showed further that the RNA structural requirements are different for transfer through the outer, as opposed to the inner, membrane (2) . This suggests the presence of distinct receptors at the two membranes. TAB, an outer membrane receptor (1) , is immunochemically distinct from the inner membrane receptor (2) , but the identity of the latter is unknown.
In this paper, we have asked the following question: are there multiple sequence motifs recognized by the import receptors, and if so, are the corresponding RNAs imported by independent pathways using distinct receptors? To identify the range of import signals recognized by mitochondrial receptors, the SELEX procedure (5) was used to isolate, from a combinatorial RNA library, those sequences (aptamers) that are imported with high efficiency. A subset of these aptamers was studied in more detail for their import characteristics alone and in combination. We show that conserved motifs in different tRNA domains can potentially act as import signals, that two types of RNAs are discernible, differing in their ability to cross the inner membrane, and that these two types interact with each other at the inner membrane in a manner suggestive of allosteric regulation at the inner membrane receptor complex.
MATERIALS AND METHODS
Cell culture and preparation of mitochondria. Promastigotes of Leishmania tropica strain UR6 were cultured on solid blood agar medium (6) supplemented with 150 g of biopterin/ml and 50 g of adenine/ml. Mitochondria were purified from DNase I-treated lysates by Percoll gradient centrifugation and stored in 50% glycerol storage buffer, as described previously (14) . The final protein concentration of gradient-purified fractions was 8 to 10 mg/ml.
Preparation of substrate for SELEX. DNA templates were prepared by PCR amplification of the oligonucleotide O-58 (GGAATTCTAATACGACTCACT ATAGGGACGCAGGGACTGTAN 16 ATGTGACTGTAGCGG), which contains a 16-base random sequence in the middle (estimated complexity, 4.29 ϫ 10 9 ), flanked by a T7 RNA polymerase promoter sequence at the 5Ј end followed by a 5Ј anchor sequence and a 3Ј anchor sequence. The 5Ј and 3Ј anchors for the amplification of selected RNAs included sequences flanking the D domain of Leishmania tRNA Tyr (GUA) (11) . The two primers used for the PCR were O-59 (GGAATTCTAATACGACGACTCACTATAGGGACGCAGGGACTGTA, containing an EcoRI linker, the T7 RNA polymerase promoter, and five 3Ј-terminal bases identical to the D arm flanking sequence) and O-60 (GCCCAA GCTTCCGCTACAGTCACAT, complementary to the 3Ј end sequence of O-58 and containing a HindIII linker). For PCR, 0.1 pmol of O-58 and 25 pmol each of primers O-59 and O-60 were added to a 100-l reaction mixture containing 10 mM Tris-HCl, pH 8, 50 mM KCl, 1.5 mM MgCl 2 , 0.4 mM deoxynucleoside triphosphates, and 5 U of AmpliTaq Gold DNA polymerase (Perkin-Elmer). After heat activation of the enzyme at 90°C for 10 min, amplifications were carried out for 30 cycles of 90°C for 30 s, 60°C for 30 s, and 72°C for 30 s. PCR products were gel eluted after nondenaturing 6% polyacrylamide gel electrophoresis and used for the preparation of substrate RNA. Transcription was performed with 10-l reaction mixtures containing 40 mM Tris-HCl, pH 7.5, 6 mM MgCl 2 , 1 mM spermidine, 1 mM dithiothreitol (DTT), 0.5 mM concentrations (each) of CTP, ATP, and GTP, 0.25 mM UTP, 1 Ci of [␣-
32 P]UTP, and 10 U of T7 RNA polymerase at 37°C for 90 min. Then, 1 U of RQ1 DNase (Promega) was added and the reaction mixture was further incubated at 37°C for 15 min. RNA was recovered by phenol-chloroform extraction and ethanol precipitation.
In vitro selection protocol. Random-sequence RNA (pool 0; 1 pmol), prepared as described above, was incubated with 1 mg of mitochondria in a 200-l reaction mixture containing 10 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM DTT, and 4 mM ATP at 37°C for 15 min, and then RNases A and T1 were added to final concentrations of 2.5 g/ml and 50 U/ml, respectively, and RNase digestion continued at 37°C for 15 min. The mitochondria were washed with isotonic sucrose-Tris-EDTA buffer (250 mM sucrose, 10 mM Tris-HCl, pH 8, 1 mM EDTA) by centrifugation, and imported RNA was isolated by guanidinium isothiocyanate extraction and ethanol precipitation (13) . Selected RNA was annealed with 25 pmol of primer O-60 in Superscript II (BRL) reverse transcription buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 ) at 65°C for 5 min, followed by slow cooling to room temperature. Then, DTT (2 mM), deoxynucleoside triphosphates (0.4 mM [each]), and 50 U of Superscript II reverse transcriptase were added and the reaction mixtures (10 l) were incubated at 42°C for 50 min. The cDNA was amplified by PCR using primers O-59 and O-60, as described above. The selected pool (pool 1 DNA) was subjected to a second round of transcription, import, reverse transcription, and PCR. By repetition of this cycle, pools 2 to 5 were generated. At each step, the PCR product was gel purified and precautions were taken to avoid contamination of imported sequences with unimported RNA.
Complexity analysis. The complexities of selected pools were compared by partial RNase digestion, as previously described (5) .
32 P-labeled RNA (10 5 cpm) and yeast tRNA (2 g) in 10 l of RNase T1 digestion buffer (20 mM sodium citrate, pH 5, 1 mM EDTA, 7 M urea, 0.02% xylene cyanol, 0.02% bromophenol blue) was denatured by heating at 92°C for 5 min, followed by rapid chilling on ice. RNase T1 (1 U) was added, and the reaction mixtures were incubated at 55°C for 10 min and then placed on ice. The reaction mixtures were directly loaded on a 12% polyacrylamide sequencing gel for electrophoresis and autoradiography.
Cloning and sequencing of aptamers. Pool 4 DNA (obtained after the fourth cycle) was digested with EcoRI and HindIII and cloned into pUC19 vector. Escherichia coli XL1-Blue cells were transformed and 36 positive colonies were obtained. Twenty-one of these were sequenced manually by the dideoxy chain termination method using Klenow fragment and both forward and reverse sequencing primers.
Preparation of import assay substrates. RNA from pools 0 to 5 was prepared by transcription from PCR-amplified DNA templates using T7 RNA polymerase, as described above, except that the UTP concentration was reduced to 10 M and 10 to 20 Ci of [␣-32 P]UTP was used. Aptamer RNAs were prepared by runoff transcription of the corresponding HindIII-linearized clones. tRNA Tyr and tRNA Gln (CUG) were synthesized from linearized plasmids pSKB1 and pSKB-2, respectively (1). tRNA Tyr D-arm oligoribonucleotide (26-mer) was prepared by oligonucleotide transcription, as described earlier (13) . Effector RNAs were similarly synthesized, except that the amount of [␣- 32 P]UTP in the transcription reaction mixture was reduced to one-tenth and the UTP concentration was raised from 10 to 250 M. Thus, the specific activity of effector RNAs is 1/250 that of substrates. tRNA Ile (UAU) was obtained using DNA template generated by PCR amplification of the Leishmania tarentolae tRNA Ile gene cloned in plasmid pGCN8. PCR amplification was carried out with the primers O-65 (GGAATTCTAATACGACTCACTATAG) and O-66 (TGGTGCTCCC GGCGGGGC), corresponding to the 5Ј and 3Ј regions of the tRNA, respectively (22 (3) and the protected RNA recovered by proteinase K treatment, phenol extraction, and ethanol precipitation. Substrates and effectors were quantified on the basis of the specific activity of the label, the counts per minute incorporated in the transcription reaction, and the number of U residues in the RNA; in the case of complex mixtures of unknown composition (pools P0 to P5), the U content was assumed to be 25%.
In vitro import assays. Total uptake into mitochondria was assayed as described above for in vitro selection, except that 100 g of mitochondria was incubated with high-specific-activity 32 P-labeled RNA in 20-l reaction mixtures. Separation of submitochondrial compartments was performed as previously described (17) . Briefly, the outer membrane was solubilized with digitonin and the soluble outer membrane plus intermembrane space fraction was separated from mitoplasts by centrifugation. The mitoplasts were then subjected to freeze-thaw lysis to separate the matrix (soluble) and inner membrane (insoluble) fractions. Marker enzyme assays were performed as previously described (17) . To study the effect of uncouplers, mitoplasts were preincubated with 50 M carbonyl cyanide m-chlorophenylhydrazone (CCCP) for 10 min on ice before the import reaction. The recovered RNA was analyzed by urea-6% polyacrylamide gel electrophoresis and quantified by autoradiography and scintillation counting of dried gel bands.
Binding assays and determination of K d values. Binding reactions were carried out by incubating 1.56 to 100 fmol of 32 P-labeled RNA in 10-l reaction mixtures containing 10 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM EDTA, 100 mM KCl, and 50 g of mitochondria at 0°C for 30 min; under these conditions, binding is sequence specific (2, 12) . Unbound RNA was removed by washing with isotonic sucrose, and the bound RNA was recovered and quantified as described above. Import assay in transiently transfected cells. Details of this procedure have been previously described (2) . Briefly, promastigotes of L. tropica strain UR6 were electroporated with 32 P-labeled RNA and incubated at 22°C for 10 min. Electroporated cells were lysed by hypotonic syringe passage, the particulate fraction containing mitochondria was treated with DNase I, RNase A, and RNase T1, and RNA was isolated as described above.
RESULTS
Selection of import aptamers from a random pool. A pool of random 16-mer sequences was incubated with isolated mitochondria in the presence of ATP. Excess, nonimported RNA was digested with RNase, the mitochondria were washed, and mitochondrial RNA was recovered and amplified by reverse transcription-PCR (RT-PCR) using anchoring 5Ј and 3Ј primers. RNA was synthesized from the amplified DNA by using T7 RNA polymerase, and the import-amplification cycle was repeated. RNA from each round (designated Pn, where n ϭ number of cycles, the nonselected initial pool being P0) was tested for in vitro import. ATP-dependent uptake increased after two cycles of selection-amplification and attained saturation by the fourth cycle, indicating positive selection for importable sequences (Fig. 1A and B) .
To assess the relative sequence complexities of the selected pools, the one-dimensional RNase T1 fingerprints of RNAs of P0 to P4 were compared (Fig. 1C) . P0 RNA yielded an essentially uniform ladder of bands, as expected from a completely random sequence. In vitro selection resulted in the appearance of a number of specific bands, and a decline in the background ladder, indicating the increasing abundance of specific RNA sequences. Notably, the appearance of these bands coincided with the increase in import efficiency at cycle 2 (compare Fig.   VOL . 22, 2002 MITOCHONDRIAL IMPORT APTAMERS AND tRNA SIGNALS 4373 1B and C). Reamplification of P0, P1, or P2 RNA in the absence of mitochondrial selection did not alter the import efficiency of the pool (data not shown), ruling out any significant bias at the transcription and amplification steps. Pool 4 DNA was cloned and several clones were sequenced (Table 1) . About one-quarter of the clones contained the sequence CGGAUCAGAGU (aptamers 1 to 3). Aptamers 1 to 3 have identical sequences in the first 12 positions and also share the motif YAGAGY with aptamers 4 and 4A, and this motif is present in the D domain of a number of kinetoplastid tRNAs ( Table 1 ). The D domain motif GUAGAGC, which is known to be part of an import signal (2, 13), was found in 21% of available Leishmania and Trypanosoma tRNA sequences but in only 6% of yeast tRNAs. Moreover, aptamers 1 and 2 are identical in 12 contiguous positions to the anticodon domain of Leishmania tRNA Arg (ACG); this region includes the anticodon itself (Table 1 ; Fig. 2 ). Aptamers 5 and 6 constitute a second major group; they are identical to each other except for a G3A transition at the sixth position of the selected sequence. They share the motif YGGUARR with the conserved D arm motif on tRNAs (Table 1) . More extensive homology with available kinetoplastid sequences was not observed, possibly due to the incomplete nature of the current database (containing only 14 tRNA sequences from Leishmania and 14 from trypanosomes; http://www.uni-bayreuth.da /departments/biochemie/tRNA). However, these aptamers potentially form a hairpin structure which closely resembles the D domain hairpin, especially in the positioning of the shared motif in the loop and stem regions (Fig. 2) ; in the absence of more tRNA sequence information, these aptamers were therefore tentatively grouped with the D domain homologues. The motif UAGGAC in aptamer 7 was identified in the D domain of two Leishmania tRNAs. Aptamers 8 and 9 constitute another group with the motif CUG 3-4 U and form similar secondary structures with pyrimidine-rich eight-base loops, a basepaired GGG motif in the stem flanked on the 5Ј side by a UC or CU dinucleotide. A similar GU-rich motif, UC(G/A)(U/C/ G)GGGUU, was present in the V-T region of 5 out of 14 (36%) of Leishmania or Trypanosoma tRNAs (Table 1 ) but was relatively rare in yeast tRNA (2 out of 51, or 4%). The above secondary structural features were also present in the V-T regions of the corresponding tRNAs, but the alignment of the loop was different (Fig. 2) . Aptamer 10 is homologous to the V-T region of the two tRNA Arg isoacceptors. Aptamers 11 and 12 contained runs of GY; similar but shorter runs were present in the acceptor stems of a number of tRNAs (Table 1) .
Significance test for aptamer-tRNA homologies. The observed structural similarities between individual aptamers and different domains of kinetoplastid tRNAs suggest that, in addition to the well-characterized D arm import signal, other tRNA domains may play an important role. Moreover, the same tRNA may contain signals in different domains. For example, the D domain of tRNA Ile (UAU) was homologous to aptamer 7 (Table 1 ) while the V-T region was homologous to aptamers 8 and 9 (Table 1; Fig. 2 ). We therefore tested the prediction that both the D arm and V-T region contain import signals.
Truncated derivatives of tRNA Ile were prepared (see Materials and Methods) and tested for import into isolated mitochondria. About 3.4% of the 77-nt tRNA Ile was imported in an FIG. 1. In vitro selection for RNA import aptamers in isolated Leishmania mitochondria. Mitochondria were incubated with a combinatorial library of RNA sequences under optimized conditions for import. Imported RNAs were isolated after RNase treatment and amplified by RT-PCR to generate double-stranded DNA templates for the next round of selection. (A) Import of RNA isolated after increasing numbers of selection cycles.
32 P-labeled RNAs (100 fmol), synthesized to high specific activity from templates generated at each round, were incubated with mitochondria (100 g of protein) in the absence (lanes 2, 4, 6, 8, 10, and 12) or presence (lanes 3, 5, 7, 9, 11, and 13) of 4 mM ATP for 15 min at 37°C, and the RNase-resistant RNA was analyzed. P0, starting pool; P1 to P5, RNAs after one to five rounds of selection, respectively. ATP-dependent manner (Fig. 3) . In contrast, the import efficiency of tRNA Ile (1-41), which contains the D and anticodon domains, was 0.8%, i.e., one-quarter of that of the intact molecule. This low level of RNase protection was ATP stimulated and completely sensitive to treatment of the mitochondria with Triton X-100 (Fig. 3D) . Conversely, the 25-nt tRNA Ile (42-66), containing the variable and T domains, was imported three times more efficiently than the intact molecule. This enhanced import is not due simply to nonspecific uptake of short oligonucleotides since the system is sequence specific, as shown by the sensitivity of import to a single point mutation in the 27-nt tRNA Tyr D arm oligonucleotide ( Fig. 3E ; see also reference 2). Moreover, similar truncation experiments with tRNA Tyr showed the lack of importability of the 3Ј half of the molecule, including the V and T domains (13) . These results therefore indicate the presence of a previously unknown, strong import signal in the V-T region of tRNA Ile , as predicted by the homology analysis.
Import characteristics of individual aptamers. Four RNAs from the P4 selection pool were analyzed in this study: clone 1 (C1), C16, C20, and C32 (aptamers 8, 6, 9, and 1, respectively; Fig. 2 ). In vitro import of C32 was ATP dependent and competed out by an excess of tRNA Tyr , whereas yeast tRNA was a much less effective competitor (Fig. 4A) , indicating that the aptamer is specifically recognized by the import receptor for tRNA Tyr . ATP-dependent transfer of C32 into mitoplasts, obtained by digitonin permeabilization of mitochondria, was observed (Fig. 4B) . Inner membrane transfer of C32 required a proton-motive force, as shown by its sensitivity to the protonophore uncoupler CCCP (Fig. 4B) . The import of C1, C16, and C20 was stimulated by ATP, but the relative overall import efficiencies were different, C32 being the most efficient (Fig.  4C) .
To examine the import of these aptamers in transiently transfected cells, Leishmania promastigotes were electroporated with 32 P-labeled RNAs, and after a brief incubation, the mitochondrial fraction was isolated and treated with RNase and the internalized RNA was analyzed by gel electrophoresis. Approximately 77 molecules of C32 RNA per transfected cell were recovered (Fig. 5A) . Treatment of the mitochondrial fraction with Triton X-100 rendered the RNA sensitive to RNase, indicating entrapment in a membrane vesicle. Importantly, RNA uptake was sensitive to the mitochondrial inhibitors CCCP and oligomycin, which dissipate the proton gradient and inhibit F1F0 ATPase, respectively. Transfer of tRNA to the mitochondrial matrix in vitro and in transfected cells was previously shown to be inhibited by both of these reagents (2, 17) . Moreover, the RNA remained completely RNase resistant in the presence of digitonin, which selectively permeabilizes the outer membrane ( Fig. 5A ) (17) . This shows that the observed signal represents RNA completely localized in the matrix. As is the case in vitro, the efficiencies of transfer of the other aptamers were less than that of C32 (Fig. 5B) . The variation in mitochondrial uptake of the different aptamers was not due to different intracellular concentrations of the transfected RNAs, since the total amount of labeled RNA recovered from the transfected cells was about the same in all cases (data not shown).
To assess the interaction of each aptamer with mitochondrial surface receptors, mitochondria were incubated with 32 Plabeled RNAs under conditions which minimize nonspecific binding (Fig. 4D) . Specific, but quantitatively different, binding of all aptamers to mitochondria was observed. About 30% of the bound C32 RNA was internalized under the import conditions used (data not shown). Moreover, correlation of the observed binding to import was shown by the lack of binding of a mutant tRNA Tyr D arm oligonucleotide that is not imported (Fig. 4D) (2) . From titration data and Scatchard analysis, the K d 's of binding of C1, C16, C20, and C32 to the outer membrane were determined to be 1.0, 0.46, 1.19, and 0.1 nM respectively, compared with the value of 0.9 nM for the D arm of tRNA Tyr . Selection of sorted RNAs. The foregoing SELEX experiment was performed with total RNA internalized into intact mitochondria. It was shown previously that the import process can be kinetically and biochemically subdivided into outer and inner membrane transfer steps (2, 17) . Moreover, structural variants of the D arm import signal have defined intrinsic inner membrane transfer efficiencies; some are transferred with high efficiency, and others remain stuck to the inner membrane (2). It was therefore expected that in a SELEX-type situation involving a mixture of sequences, the inner membrane would filter out those that have a low inner membrane transfer efficiency, resulting in purification of the matrix-associated pools to an efficiency approaching 100%. To test this, SELEX pool P4, a mixture of aptamers (Table 1) , was incubated with intact mitochondria, and after RNase treatment, the mitochondria were fractionated into inner membrane and matrix compartments and the RNA contained in each fraction was amplified separately and tested for intramitochondrial localization (Fig.  6A ). The parental pool had an inner membrane transfer efficiency of about 50%. The inner membrane-associated pool had a lower efficiency (30%), but surprisingly, the efficiency of the matrix-associated pool was about the same as that of the parental pool (Fig. 6A) . Repetition of the cycle of fractionation and amplification of the matrix-associated fraction did not result in further enhancement of inner membrane transfer efficiency (data not shown). One possible explanation of this result is that the inner membrane is leaky, leading to failure of the fractionation; this leakiness could be intrinsic to the membrane preparation, or somehow induced by the fractionationamplification procedure. To test for leakiness, a control experiment was performed with a single RNA (aptamer 8, C1), which was predominantly retained at the inner membrane (see below). If the membrane is leaky, the matrix localization of C1 should increase upon repeated fractionation-amplification. In fact, the inner membrane transfer efficiency of C1 continued to be low after repeated cycles, arguing against any obvious leakiness of the inner membrane (Fig. 6B) . We therefore hypothesized that the transfer efficiency of an individual RNA, when present alone, is different from that present in a mixture with other RNAs. Allosteric interactions between aptamers using the same pathway could lead to modulation of efficiency. In this scenario, one RNA (the effector) would bind to a multi-site or multimeric receptor, inducing an allosteric conformational change resulting in increasing or decreasing the affinity for a second RNA (the substrate). Alternatively, the effector may induce the opening or closing of import channels (gating), thereby stimulating or inhibiting transfer of substrate.
Inter-RNA interactions. To test this possibility, mitochondria were incubated with high-specific-activity, 32 P-labeled aptamer (substrate) in the presence or absence of one-tenth the concentration of a second aptamer (effector) of low-specific activity and total uptake was assayed. In the presence of C32 effector, the uptake of C1 was stimulated; the effect was more pronounced at lower concentrations of substrate (Fig.  7A) . By contrast, C1 effector had no significant effect on import of C32 substrate (Fig. 7A) . No signal was detected in presence of effector alone, a result of the combination of low concentration and low specific activity of the effector. Moreover, treatment of effector with micrococcal nuclease resulted in the loss of stimulatory activity, indicating that the effector is RNA in nature (data not shown). Titration with effector showed that there was a sharp rise in C1 uptake between 0.15 and 0.3 nM C32; comparable concentrations of nonspecific RNAs such as yeast tRNA had no significant effect (Fig. 7B) . Binding of C1 to intact mitochondria was also stimulated by C32 (Fig. 7C) ; the K d value for C1 was reduced from 1.0 to 0.25 nM in presence of 1 nM C32 (data not shown). Thus, C32 was able to stimulate binding as well as uptake of C1 through the outer membrane. However, the magnitude of stimulation was low (about twofold in most experiments) and the total uptakes of C16 and C20 were not affected by C32 (Fig. 8) . Thus, with these particular combinations of RNAs, allosteric effects at the outer membrane are marginal or insignificant. We next examined RNA-RNA interactions at the inner membrane. By fractionation of the mitochondria into outer membrane plus intermembrane space, inner membrane and matrix compartments, the role of effectors in the intramitochondrial distribution of substrate RNAs was studied (Fig. 8) . Enzyme assays confirmed the separation of inner membrane (succinate dehydrogenase) and matrix (malate dehydrogenase) markers by this procedure (Fig. 8W) . The results can be summarized as follows. (i) In the absence of effector, both C1 and C20 were primarily confined to the inner membrane ( Fig. 8A  and I) ; this membrane-bound RNA was sensitive to RNase following permeabilization of the outer membrane with digitonin (compare Fig. 8A and U, inner membrane fractions), indicating association with the outer surface of the inner mem- 6 . Intramitochondrial sorting of pool P4 RNA. (A) P4 RNA (100 fmol) was incubated with intact mitochondria (100 g), and after RNase treatment, the outer membrane was solubilized with digitonin and the mitoplasts were separated into inner membrane (IM) and matrix (MX) fractions by freeze-thaw lysis. RNA associated with each fraction was recovered, reverse transcribed, and amplified by PCR. Each DNA pool was then transcribed with T7 RNA polymerase in the presence of radiolabeled UTP to yield pools P4 (IM) and P4 (MX), respectively. These pools were individually incubated with mitochondria, and their intramitochondrial distributions were quantified by fractionation as described above. The percentages of total internalized RNA associated with the inner membrane or matrix for the parental pool P4 and the sorted pools P4 (IM) and P4 (MX) are shown. (B) Fractionation-amplification of C1. C1 RNA was incubated with mitochondria, the inner membrane and matrix fractions were isolated, and RNA from each fraction was amplified by RT-PCR to yield inner membrane and matrix DNA, respectively. RNA was prepared from each PCR product and incubated with mitochondria, and the intramitochondrial location determined. The panels show fractionation experiments with the parental RNA (left) and the two sorted RNAs (middle and right).
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brane.
(ii) By contrast, C16 and C32 were primarily localized to the matrix in the absence of effector ( Fig. 8E and M) . (iii) In the presence of C32 effector, the "address" of C1 dramatically changed from inner membrane to matrix (compare Fig. 8A and D). Matrix entry of C20 was similarly stimulated by C32 (Fig.  8I and L) . Pretreatment of C32 with micrococcal nuclease resulted in loss of activity (Fig. 8R) , indicating that the effector is RNA in nature. (iv) Low levels of C16 effector similarly stimulated matrix entry of C1 (Fig. 8B) , and to a lesser extent, of C20 (Fig. 8K ). C16 had no significant effect on the distribution of C32 (Fig. 8O ) and vice versa (Fig. 8H) . (v) C1 and C20 had no effect on each other with respect to intramitochondrial distribution (Fig. 8C and J) , but each inhibited the entry of either C16 or C32 into the matrix (Fig. 8F , G, N, and P). (vi) These effects were not confined to the aptamers. Thus, tRNA Tyr could effect the relocation of C1 (compare Fig. 8A and Q) and, conversely, C1 inhibited matrix transfer of tRNA Tyr (Fig. 8S and T) . These results indicate the occurrence of both positive and negative interactions between RNAs at the inner membrane. Those RNAs that can, by themselves, be transferred to the matrix may stimulate others, while the ones that are intrinsically poor matrix localizers have an inhibitory effect.
Since the interacting aptamers are homologous to different domains of tRNAs (Table 1) , we tested the possibility that the corresponding tRNAs themselves interact in this manner. Two tRNAs were chosen: tRNA Tyr , containing the D domain homology, and tRNA Ile , with the conserved V-T sequence ( Table 1) . As shown in Fig. 9 , translocation of tRNA Tyr to the matrix was inhibited by low concentrations of tRNA Ile but not by tRNA Gln (CUG), which is not imported (11) . Conversely, tRNA
Ile by itself or in presence of tRNA Gln (CUG) was restricted to the inner membrane, whereas about 50% was relocated to the matrix in presence of tRNA Tyr (Fig. 9) . These results show that, like the aptamers, intact tRNAs interact specifically at the inner membrane.
DISCUSSION
In this report, we demonstrate the use of SELEX to select a variety of high-efficiency import aptamers from a random-sequence library. The aptamers were then referred to the tRNA sequence database to identify candidate import signals in different tRNA domains. This approach led to the identification of a new putative import signal in tRNA Ile . The aptamers have variable intrinsic efficiencies of transfer across the outer and inner mitochondrial membranes, and moreover, interact with each other at the inner membrane by an allosteric mechanism. The results have important implications for the regulation of RNA import.
Previous studies have shown that mitochondria from kineto- VOL. 22, 2002 MITOCHONDRIAL IMPORT APTAMERS AND tRNA SIGNALSplastid protozoa (Leishmania and trypanosomes) do not require cytoplasmic fractions to import tRNAs (12, 19, 25) , implying that selectivity resides at the mitochondrial surface and not in soluble factors. This was borne out in the present instance by the ease with which a large number of import aptamers were selected: only four cycles of selection-amplification were necessary to achieve saturation of import efficiency by using a 16-mer library (Fig. 1) . The aptamers had nanomolar affinities for mitochondria, in the same range as that of natural sequences, and were imported in vitro as well as in transfected cells (Fig. 4 , 5, 7, and 8). The ease of selection may be attributed to the presence of high-affinity mitochondrial receptors, recognition of small rather than large RNA structures, and efficient removal of background sequences by RNase treatment. We also attempted to separate a preselected pool into distinct populations based on their intrinsic inner membrane transfer efficiencies (Fig. 6 ) but were unsuccessful because of the apparent leakiness of the inner membrane caused by allosteric interactions (see below). Examination of the nucleotide sequences (Table 1 ) and putative secondary structures (Fig. 2) of the aptamers showed the occurrence of a number of groups, each composed of molecules that are related to each other and to specific domains in kinetoplastid tRNAs. The significance of these homologies with regard to the physiological tRNA import process is indicated by the following findings. (i) The motif YAGAGY, present in the D domain of several kinetoplastid tRNAs and previously shown to be important for import (2, 13) , was independently recovered in the major group of aptamers (numbers 1 to 4). A second D domain motif, shared by tRNA Ile and tRNA Val (CAC), was found in aptamer 7. An import signal in the D arm of tRNA Ile has been previously observed (10, 19) . We note that the 5Ј half of tRNA Ile , containing the D domain, is significantly less efficient than the intact molecule (Fig. 3) , whereas the 5Ј half of tRNA Tyr , with a similar secondary structure, is more efficient than intact tRNA Tyr (13) . The lower FIG. 8. Interactions between aptamers at inner membrane. Intramitochondrial distribution assays were performed with high-specificactivity substrate (S; 100 fmol) and low-specific-activity effector (E; 10 fmol) in the following combinations, and the RNA associated with the outer membrane plus intermembrane space (OM), inner membrane (IM), and matrix (MX) fractions was analyzed. (A) Substrate, C1, no effector; (B) substrate, C1; effector, C16; (C) substrate, C1; effector, C20; (D) substrate, C1; effector, C32; (E) substrate, C16; no effector; (F) substrate, C16; effector, C1; (G) substrate, C16; effector, C20; (H) substrate, C16; effector, C32; (I) substrate, C20; no effector; (J) substrate, C20; effector, C1; (K) substrate, C20; effector, C16; (L) substrate, C20; effector, C32; (M) substrate, C32; no effector; (N) substrate, C32; effector, C1; (O) substrate, C32; effector, C16; (P) substrate, C32; effector, C20; (Q) substrate, C1; effector, tRNA Tyr ; (R) substrate, C1; effector, micrococcal-nuclease-treated C32; (S) substrate, tRNA Tyr ; no effector; (T) substrate, tRNA Tyr ; effector, C1; (U) substrate, C1; no effector, mitoplast treated with RNase before separation of inner membrane and matrix fractions. (V) Summary of interaptamer interactions at the inner membrane. ϩ, stimulation of inner membrane transfer; Ϫ, inhibition; 0, no significant effect. The absolute amount of RNA in each band was obtained by liquid scintillation counting; relative scan densities varied, depending on specific activities of the RNAs, exposure times of the autoradiograms, etc. (Fig. 2) . This is an indication of the possible involvement of the A domain as a trypanosomatid import signal. The anticodon is known to be an import determinant in Tetrahymena (20) . (iii) The motif CUG 3-4 U, present in aptamers 8 and 9, pointed to the possible role of the V-T region of some tRNAs, and this was verified for the case of tRNA Ile (Fig. 3) . The presence of a signal in the V-T region offers an explanation for the observation that a hybrid tRNA Ile molecule containing the D arm of tRNA Gln (CUG)-which, by itself, does not contain a signalis nonetheless imported in vivo (10) . A role for the variable region of tRNA Thr in mitochondrial targeting in Leishmania was also indicated by mutagenesis experiments (4); this tRNA contains the motif UCAG 4 UU in the V-T region (Table 1) . (iv) Finally, no aptamers were obtained which share motifs with tRNA Gln (CUG) or tRNA His . These species, which are poorly or not all imported in vivo (11, 24) , have D and V-T sequences that lack the conserved motifs in Table 1 . With the limited information currently available, it is becoming evident that different tRNAs may present different domains to the import receptor(s) and, furthermore, that some tRNAs may contain multiple signals.
Using aptamers and intact tRNAs, we show for the first time the occurrence of regulation of mitochondrial RNA import through positive and negative interactions between different RNAs (Fig. 8 to 10 ). Based on their effector properties, the four aptamers studied could be classified into two types. Type I aptamers (C16 and C32) have high intrinsic efficiencies of inner membrane transfer, while type II aptamers (C1 and C20) have low inner membrane transfer efficiencies. Type I RNAs stimulate matrix transfer of type II but are themselves inhibited by type II. The relevance of these findings to tRNA import is suggested by the finding that tRNA Tyr interacts with the aptamers as a type I molecule (Fig. 8) . Moreover, similar interactions between tRNA Tyr and tRNA Ile were observed (Fig. 9) . The results confirm the type I character of tRNA Tyr and show further that tRNA Tle is a type II molecule with respect to inner membrane translocation. All three type I RNAs, i.e., C16, C32, and tRNA Tyr , contain the motif YGG followed by YAGAGY or YAAGY, which is present in the D or A domain of many tRNAs (Table 1) . On the other hand, type II RNAs (C1, C20, and tRNA Ile ) contain the conserved V-T motif UG 3-4 U ( Table 1) .
By modulating the affinities of different RNAs for the inner membrane receptor, cooperative and antagonistic interactions enable a balanced pool of RNAs to be obtained in the matrix for mitochondrial translation. Thus, the import efficiency of an individual RNA when present alone (i.e., the intrinsic value) and the efficiency of the same RNA present in a mixture (the in vivo situation) may be different; furthermore, since type I RNAs are inhibited by others whereas type II RNAs are stimulated, the net result of these interactions would be to bring the actual transfer efficiencies of different RNAs closer to one another, i.e., to reduce the variation observed with intrinsic transfer efficiencies. To examine whether this is the case for the four aptamers, their intrinsic outer membrane (Fig. 4) and inner membrane (Fig. 8 ) transfer efficiencies were used to compare the ratio of the aptamers expected to be transferred to the matrix in the absence of allosteric interactions (the noninteractive model) or in the presence of such interactions (the interactive model), with the corresponding ratios observed in vivo (Fig. 5) . Two points may be noted from the analysis presented in Table 2 . First, the noninteractive ratios of pairs of type I and type II RNAs, e.g., C16-C20 or C32-C20, were significantly higher than those observed in vivo. This is consistent with the occurrence of positive interactions on type II and/or negative interactions on type I in vivo, thereby reducing the ratio. Second, the large variations in noninteractive efficiencies could be reduced by considering allosteric effects. Thus, the expected noninteractive ratio of C1:C16:C20:C32: tRNA Tyr in the matrix was estimated to be 3.4:8.6:1:19.8:6.3, with a large statistical variance of more than 40 (Table 2) . If the positive and negative interactions observed in Fig. 8 were factored in, the corresponding ratio was altered to 2.8:0.7:1: 1.2:0.5 and the variance was dramatically reduced to 0.8. In a In vitro outer membrane (OM) transfer per 50 g of intact mitochondria was determined using 50 fmol of RNA. Data are from Fig. 3C and 4C . b IM, inner membrane; noninteractive, assuming independent transfer; interactive, assuming stimulation of C1 and C20 or inhibition of C32 and C16. Maximum values observed are shown in Fig. 8 .
c Efficiency, fraction of total internalized RNA in the matrix fraction; determined by intramitochondrial distribution assay (data from Fig. 8 vivo, the observed ratio was 1.8:2.5:1:4.5:1.8:2.2 and the variance was only 1.4. Thus, the low variance observed in vivo is in accord with the interactive model. However, the in vivo ratio is different from the interactive ratio; this is probably due to the fact that the in vitro value was calculated on the basis of interaptamer interactions at a substrate-to-effector ratio of 10:1 (Fig. 8) , whereas in vivo, the effector would be a complex mixture of tRNAs of indeterminate composition. Preliminary experiments also support the existence of allosteric regulation in vivo (our unpublished data). At present, one can only speculate on the mechanism of allosteric control. The effector RNA may influence the binding of the substrate to an inner membrane receptor through conformational changes in the protein (classical positive or negative cooperativity). Alternatively, or additionally, the receptor: RNA interaction could regulate the opening or closing of import channels (gating). In support of the first mechanism, we have recently observed the presence of an allosterically regulated RNA binding activity in inner membrane extracts (our unpublished data). It is noteworthy that both type I and type II sequences contain oligopurine cores flanked by pyrimidines: YAGAGY and UG 3-4 U, respectively (Table 1) . It is not inconceivable that the conformation of the same RNA binding site can be altered to accommodate distinct but related oligopurine motifs. Such flexibility would enable one or a limited number of receptors to recognize a large number of tRNAs, some with type I and others with type II import signals.
